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to alanine at each position can provide an energeticMapping Key Elements
estimate for the cost of the mutation at a protein-ligandof a Protein Motif interface [5–7]. Because of the high-throughput nature
of phage experiments, multiple libraries that bound
neighboring sequences can be used to scan an entire
protein domain in blocks; allowing all of the residuesIn this issue of Chemistry & Biology, Weiss and col-
that are critical for function to be rapidly mapped inleagues use phage display to map residues in the en-
parallel (in weeks) [8, 9].grailed homeodomain that influence DNA recognition.
Weiss and colleagues continue to advance this meth-Their shotgun scanning data provides surprising new
odology in this issue of Chemistry & Biology [10] byinsights into the importance of regions outside the
applying two different forms of shotgun scanning (ala-recognition helix and N-terminal arm for DNA binding.
nine and homolog) to identify elements in the engrailed
How can we define the sequence elements within a homeodomain that are critical for sequence-specific
protein domain that are critical for its function? With the DNA recognition. In their alanine scanning experiments,
wealth of genomic information that has become avail- two different libraries, each covering 15 amino acids,
able and tools to mine this data, sequence alignments mapped residues important for DNA binding around and
of orthologs and paralogs from distant species provide within helix 1 or helix 2 of the homeodomain (see Figure
a signature (consensus) sequence that gives clues about 1). These two libraries allow half of the residues in this
residues that are critical for function. Supplemented with domain to be scanned. The majority of residues in this
structural information of the domain, or better yet in region of the protein do not directly contact the DNA;
complex with a partner of interest (protein, ligand, or they position the recognition elements (helix 3 and the
nucleic acid), focused hypotheses about the function of N-terminal arm) for interaction with the major and minor
residues at various positions can be readily developed. grooves of DNA, respectively [11]. (Some residues that
Ultimately though, these hypotheses must be directly are directly involved in DNA recognition have been de-
tested by mutagenic interrogation of the domain to de- fined by previous mutagenesis studies [12, 13].) Conse-
fine the residues that are critical for a particular function. quently, mutations in helices 1 and 2 would be expected
Dissecting the importance of each residue in domain to have an indirect affect on DNA binding. These substi-
function has, until recently, been an arduous task of tutions should reveal residues that help to organize
introducing single point mutations throughout a protein amino acids that directly interact with the DNA (second
domain and then testing these proteins individually for sphere effects) or that affect DNA binding by altering
function [1]. Typically, alanine substitutions are intro- protein stability.
duced to truncate the side chain at the -carbon, which One of the most exciting aspects of the results from
allows the importance of each side chain in domain the alanine shotgun scanning experiment is the correla-
function (whether positive or negative) to be probed. tion between the residues most resistant to change and
Alanine scanning experiments on complexes such as the residues that are most highly conserved among the
hGH/hGHbp demonstrated the power of this approach extended HOX class of homeodomains [14], which in-
for defining regions of a domain that are critical for cludes engrailed. There is a complete correlation be-
function [2].
tween every position at which an amino acid is abso-
An important shortcut for mapping the critical features
lutely conserved within this class of homeodomains and
of a domain was provided by the advent of combinatorial
a strong preference for the wild-type residue over ala-library approaches that allowed the fitness of a popula-
nine in the shotgun scanning data (Figure 1). This resulttion of mutant proteins to be examined [3, 4]. Instead
is not necessarily shocking, as the consensus sequenceof making and testing individual mutants, a single library
for these proteins would be expected to highlight se-containing a distribution of alanine mutations through-
quence preferences that are common to their functionout a region of the protein is tested. The original combi-
(i.e., DNA binding), but this correlation demonstratesnatorial approaches were performed in vivo as some
the power of alanine shotgun scanning to identify keyform of genetic selection. However, this cellular require-
functional elements of a protein domain. The majorityment creates inherent limitations in the characteristics
of residues that displayed the largest bias against muta-of the proteins that can be assayed.
tion to alanine (F20, L34, L38, L40, I45) pack into theIn groundbreaking work in 2000, Weiss et al. demon-
hydrophobic core of the protein. Other key residues thatstrated that combinatorial libraries of mutant proteins
are also resistant to substitution (Y25, R31, K46) interactcould be examined as a pool in vitro using phage display
either directly or via ordered waters with the phosphate(alanine shotgun scanning) [5]. This format provides im-
backbone [11].portant advantages over in vivo assays: the ability to
To identify features of each residue that are criticaldefine the assay conditions and the nature of the func-
for function, the authors employed homolog shotguntional readout (protein-protein interaction, protein sta-
scanning. Like the alanine shotgun experiment, homologbility, etc.) and the ability to simultaneously examine
shotgun scanning is performed in a combinatorial man-large libraries of variants (1010) in a few rounds of selec-
ner, where one or a few conservative changes (e.g., Ftion. Moreover, if the experiment is performed under
equilibrium conditions, the ratio of the wild-type residue to Y, E to D or Q) are introduced at each position through-
Chemistry & Biology
890
Figure 1. Sequence Alignment of the Engrailed Homeodomain with Two Consensus Sequences
Sequence alignment between the engrailed homeodomain from Drosophila melanogaster reported in this study [10], the consensus sequence
from the human extended HOX homeodomains [14], and the consensus sequence from engrailed orthologs/paralogs in the homeodomain
resource database [18] (research.nhgri.nih.gov/homeodomain/). Capital letters and lower case letters in the consensus sequences represent
100% and 60% conservation of a residue, respectively. A plus sign indicates conservation of a positively charged residue. Cylinders above
the sequences indicate the location of the three  helices in the homeodomain fold. The region that was mapped by alanine shotgun scanning
is denoted in magenta, with the blue bars indicating those positions within this region where the recovered sequences displayed a wild-type
to alanine ratio that was greater than 8. Information about the participation of residues in protein-DNA recognition [11] or their burial in the
core of the fold [19] is indicated below the sequences: b indicates participation in a base contact, p indicates a phosphate contact (either
direct or water mediated), and c indicates residues in the protein core.
out a block of residues in the protein. These more subtle features of the domain, such as the plasticity of the
hydrophobic core. An additional intriguing result is thesubstitutions provide information about the importance
of distinct features of each side chain (e.g., the presence identification of substitutions within this core that actu-
ally result in improved DNA binding. Why such appar-of a negative charge). Interestingly, many of the residues
that compose the hydrophobic core in engrailed can ently beneficial substitutions would not be incorporated
into gene remains unanswered, but it may result fromtolerate, and in some cases modestly prefer, substitu-
tion by a residue of similar composition and size. Other the fact that gene regulation is typically not the act
of an independent protein; instead, gene regulation ispositions, such as F20, are intolerant to even a modest
change (Y), which is consistent with the absolute conser- usually performed in the context of cooperative interac-
tions with other DNA binding partners. Overall, thesevation of this amino acid within this class of proteins
(Figure 1). experiments provide a deeper understanding of DNA
recognition by the homeodomain while presenting manyThe homolog scanning result at position 25 is particu-
larly intriguing. Tyrosine and phenylalanine appear to exciting new questions. Finally, the implications of this
study for protein design and engineering should not bebe completely interchangeable at this position; thus, the
hydrogen bond observed between the tyrosine hydroxyl overlooked. The ability to rapidly define the core functional
sequence of a particular domain provides an importantand the phosphate backbone in the protein-DNA com-
plex [11] is not the critical characteristic required for foundation for future engineering efforts to alter its speci-
ficity, affinity, or function.function. Nonetheless, tyrosine is highly to absolutely
conserved at this position among human HOX, extended
HOX, NK, and paired homeodomains [14]. Moreover, Scot A. Wolfe
Y25 is absolutely conserved among engrailed orthologs/ Program in Gene Function and Expression
paralogs from flies to humans, which spans hundreds Department of Biochemistry and Molecular
of millions of years of evolutionary separation (Figure Pharmacology
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ated by the action of several different ppGalNAcTs onCellular Addresses:
the same protein backbone without simultaneous sugarStep One in Creating a Glycocode chain initiation at every amino acid that is ultimately
glycosylated [1, 8].
In this issue, the Bertozzi, Gerken, and Tabak groups
report the first systematic study of the in vitro peptideIn this issue of Chemistry & Biology, a library screening
or glycopeptide substrate requirements of eight mem-approach reveals at least four types of enzymes that
bers of the ppGalNAcT family [1]. These groups createdattach galactosamine to build cell surface mucin-type
a library of compounds based on a 13-amino acid seg-glycoproteins [1]. A better molecular understanding of
ment of a rat mucin that includes every possible combi-how these information-carrying oligosaccharides are
nation of sugar-modified threonine residues with up tocreated sets the stage for designing more selective
four galactosamines. This library was incubated withinhibitors and potential therapeutics.
each of eight glycosyltransferase isoforms and uridine-
diphospho-N-azidoacetylgalactosamine (UDP-GalNAz)Cell surfaces are covered in diverse strings and
under saturating conditions. The azide-labeled substratebranches of carbohydrate structures that create a kind
was previously shown to undergo this enzymatic processof three-dimensional address system, or glycocode,
and provided a convenient method to detect the newlywhich mediates interactions with a variety of biological
added sugars after Staudinger ligation with a modifiedcomponents such as proteins or other cells [2, 3]. These
phosphine and standard signal amplification [10].addresses often change as cells grow and differentiate
Analysis of the data reveals four basic types of ppGal-or become diseased [4]. Pathogens such as viruses and
NacTs. Some prefer peptides with no sugars or only onebacteria use such complex sugar structures to adhere
sugar already attached; glycosylation of nearby aminoto tissue for invasion of their hosts. The inhibition or
acids inhibits these so-called early transferases. Thepromotion of these carbohydrate-based interactions
intermediate ppGalNAcTs prefer peptides with two, orserves as a new frontier in therapeutics for the treatment
to a lesser extent, three sugars attached. The late trans-of conditions from cancer to viral and bacterial infec-
ferases glycosylate peptides that already have threetions [5–7]. Unfortunately, very little is known about how
or even four sugars attached nearby. Interestingly, thethese complex codes are assembled and regulated at
enzymes in these three categories have some redundantthe molecular level. In many cases, the actual changes
functions, in that two different transferases will glycosy-to the cell surface architecture that occur with age or
late the same peptide. Therefore, the loss of functiondisease are not even known yet.
of one of these enzymes in vivo can perhaps be rescuedThe most common protein-associated cell surface
in part by other isoforms. In contrast, two of the eightcarriers of glycocodes in humans are the mucins or
tested ppGalNAcTs form a fourth category, which con-mucin-like proteins. O-glycosylation of the protein back-
tains very specialized functions that cannot be takenbone at serine or threonine side chains with N-acetyl-
over by other isoforms. Indeed, the knockout of one ofgalactosamine (GalNAc) followed by addition of various
these latter transferases in a fruit fly is shown to beother sugars creates densely clustered regions of carbo-
lethal [11, 12]; therefore, the effect of a knockout ofhydrates that often eclipse the protein in size. The origi-
the other specialized ppGalNAcT will be of particularnal hypothesis that these carbohydrate chains are initi-
interest. Should the other isoforms prove incapable ofated by only a few polypeptide GalNAc-transferases
rescuing the function of this specialized transferase, the(ppGalNAcTs) is now being replaced with the realization
real power of the molecular approach to mucin biosyn-that the system is far more complex (Figure 1) [8]. The
thesis studies reported in this issue will become ap-human genome contains 24 putative ppGalNAcTs, and
parent.each isoform varies in its spatial and temporal regulation
The next question is if the now known differencesas well as tissue location [9]. A picture is emerging in
which the highly glycosylated mucin domains are cre- in substrate acceptance among these isoforms can be
